ABSTRACT: The sedimentation of particulate organic material was investigated in Disko Bay, West Greenland, during June 2001. Post spring-bloom conditions were encountered, with seasonally decreasing phytoplankton biomass associated with the pycnocline. Calanus finmarchicus, C. glacialis, and C. hyperboreus dominated the zooplankton community, comprising up to 88% of the copepod biomass. Faecal pellet production by C. finmarchicus and C. glacialis was positively correlated to the available food (chlorophyll a >10 µm). Results from short-term sediment trap deployments (6 h) showed that particulate organic carbon (POC) sedimentation from the euphotic zone was, on average, 628 mg C m -2 d -1
INTRODUCTION
The single most important event of the annual plankton cycle in arctic and temperate waters is the spring phytoplankton bloom. The phytoplankton bloom develops in response to the increase in solar radiation during spring and upon stabilization of the water column. In temperate coastal waters the spring phytoplankton bloom takes place prior to the establishment of the mesozooplankton community. Consequently, a large part of the bloom sinks out of the euphotic zone ungrazed (Kiørboe & Nielsen 1994 , Olesen & Lundsgaard 1995 , Wassmann 1998 . In contrast, deeper oceanic waters hosting an overwintering population of copepods, which can rapidly respond to the developing spring bloom, potentially exhibit a tight coupling between primary production and trophic transfer through the pelagic food web. Arctic pelagic ecosystems are characterized by large overwintering copepod populations dominated by Calanus spp., which are able to exploit the developing bloom (Hirche 1996 , Madsen et al. 2001 , Pasternak et al. 2001 . Moreover, the large Calanus species also contribute to the vertical export of carbon from the euphotic zone by packaging organic material into large fast-sinking faecal pellets.
Sedimentation of phytoplankton from the euphotic zone is the principal mechanism in transporting organic material to the benthic communities in marine systems, either directly as intact cells or in the form of faecal pellets and amorphous detritus. During its transit to depth, the organic material produced in the euphotic zone is transformed by a range of processes that influence the quality and quantity of the sedimenting material that reaches the benthos (González & Smetacek 1994 , Olesen & Lundsgaard 1995 , Acuña et al. 1996 , Kiørboe et al. 1996 , Wassmann 1998 .
The pelagic food web has been extensively studied in Disko Bay, West Greenland, during the last decade (Nielsen & Hansen 1995 , Levinsen et al. 2000a ,b, Madsen et al. 2001 , Levinsen & Nielsen 2002 . Previous studies primarily focused on the interactions between the different trophic levels in the pelagic food web. However, little is known about the vertical export of particulate organic material in this region. The Disko Bay area is an important fishing ground, especially for the northern shrimp (Pandalus borealis) and greenlandic halibut (Reinhardtius hippoglossoides) fisheries that are essential to the economy of Greenland (Buch et al. 2004) . After their larval stage, both of these species feed on benthic invertebrates, and are therefore dependent on the quantity and quality of the vertically exported organic material fuelling the benthic community. In this context, the grazing activity of the large copepods potentially play a key role, by accelerating the vertical export through production of large fast-sinking faecal pellets. This vertical export brings relatively high quality food to the benthic community. Thus far, this process has not been studied in West-Greenlandic waters.
In the present study, we present the first measurements of sedimentation rates of particulate organic material in the Disko Bay area. The aim of this study was to investigate the quantitative and qualitative aspects of the sedimentation following the spring bloom in Disko Bay, with special emphasis on the role of Calanus grazing activity in accelerating the vertical export of particulate organic material. Sampling depths for chemical and biological variables were established according to water column structure. Sampling for suspended biomass and drifting sediment traps were carried out at corresponding depths (15, 35, 50 , and 100 m) and 2 additional depths were sampled for suspended biomass: surface (5 m) and the fluorescence maximum. After collection, the water samples were kept in dark and cold conditions during transport back to the laboratory, where subsamples were taken for further analyses.
The vertical export of particulate organic material was measured using drifting sediment traps which were deployed for ca. 6 h during each visit to the station (9 deployments). In addition, during the diurnal study (June 10 to 11), 1 set of sediment traps was deployed and recovered every 6 h (same deployment duration as during the seasonal sampling), while another set was deployed for a period of 24 h. The drifting sediment trap array drifted from its initial position of deployment. However, sampling was always initiated at the same position. The average drift during the seasonal deployment periods was 1.3 ± 0.3 n mile (mean ± SE, n = 8) from the initial deployment position. The general drift path of the sediment trap array followed the depth contours in the area, so the depth remained fairly constant during the deployment.
The drifting sediment traps were fitted with a wavedampening device made of a large submerged primary floater (1 × 33 kg buoyancy), above which were 13 small floaters (13 × 1.7 kg buoyancy) of which only half were submerged. This array was designed so that water resistance on the submerged floaters and the rest of the array would reduce the vertical movement of the sediment traps relative to the waves.
The sediment traps (double sediment traps, KC Denmark) consisted of parallel acrylic cylinders mounted in a gimbaled frame equipped with a vane to ensure that the cylinders were always positioned vertically and perpendicular to the current. The traps were 0.33 m high and 0.052 m in diameter (H:D = 6.35). Prior to deployment, the traps were filled with 0.2 µm filtered seawater with added brine to increase the salinity by 5 psu (Knap et al. 1996) . After recovery, the traps were kept in the dark. The 2 traps from each depth were pooled before subsamples were taken for subsequent analyses at the laboratory (within 5 h of trap recovery). The sediment trap samples were visually checked for swimmers, but only on a few occasions were any found.
Water column and sediment trap samples were analyzed for several corresponding variables, using similar methods as described below, unless otherwise stated.
Primary production was measured in situ by incubating water samples collected at various depths with 4 µCi H 14 CO 3 -(International Agency for 14 C Determination) during 2 h in 1 dark and 2 transparent 100 ml Jena bottles (Nielsen & Hansen 1995) . After the incubation period, the bottles were kept in dark conditions and, within 1 h, the contents were filtered onto 25 mm Whatmann GF/F filters. Inorganic 14 C was removed from the filters by adding 200 µl of 1N HCl in scintillation vials. The samples were kept frozen until liquid scintillation counting on an LKB Wallac 1219 Rackbeta liquid scintillation counter. Further details on the method for measuring primary production will be found in T. G. Nielsen et al. (unpubl.) .
Laboratory analyses. Size-fractionated chl a and phaeopigments (phaeo) (total and >10 µm) were measured on 100 ml duplicate subsamples filtered onto Whatmann GF/F and 10 µm filters. The filters were then extracted in 96% ethanol (Jespersen & Christoffersen 1987) and pigments were measured on a Turner 770 h fluorometer, calibrated against a chl a standard (chl a = 0.069 × fluorescence, n = 27, r 2 = 0.99, p < 0.01), before and after acidification (Yentsch & Menzel 1963 , Strickland & Parsons 1972 .
Particulate organic carbon and nitrogen (POC and PON) were measured on pre-combusted Whatmann GF/F filters after filtration of 100 to 500 ml of water column or sediment trap sample. The filters were kept frozen (18°C) until returning to the laboratory in Denmark, where they were dried at 60°C for 24 h and kept frozen again until final analyses on a Carlo Erba Elemental Analyzer (EA 1108). The POC:PON ratios of the suspended and sedimenting material were calculated from a linear regression between the measured POC and PON values.
Faecal pellets were counted for both sediment traps and water column samples. For the sediment traps, faecal pellets were counted on 300 ml subsamples, preserved with Lugol's solution (2% final concentration). The size (width and length) of all faecal pellets was measured using a stereo light microscope (40 × magnification, Olympus SZ40). For the water column, faecal pellets were counted and measured on freshly collected samples, using the same method as for the sediment traps. A number of 1 l subsamples from the water column were concentrated on a 20 µm sieve, rinsed back to a Petri dish and analyzed until a minimum of 30 pellets were counted and measured. Faecal pellet volumes were estimated using the size measurements and the characteristics of the faecal pellets (intact or broken), which were noted at the time of analyses. The volume of intact faecal pellets was calculated using the equation for a cylinder with halfspherical ends, and the volume of faecal pellet fragments was calculated using the equation for a cylinder. Faecal pellet volume was converted to biomass, using a carbon conversion factor of 69.4 µg C mm -3 (Riebesell et al. 1995) .
POC was later divided into 3 fractions: chl a or phytoplankton based POC (PPC), faecal pellet based POC (FPC) and amorphous detritus based POC (amorphous detritus). The PPC fraction was estimated using the slope of the linear regression between chl a and POC from the water column (see 'Water column' in 'Results'). The amorphous detritus fraction was estimated by subtracting the PPC and FPC fraction from the total POC.
Calculations. Sedimentation rate (mg m -2 d -1
) was calculated using the following equation (Knap et al. 1996) :
where C trap (mg m ) was estimated for different variables using the following equation :
where the sedimentation rate is from Eq. (1) and C in situ (mg m -3 ) is the in situ concentration of the variables at the sediment trap depth.
The daily loss rate (% d -1
) of suspended material due to sedimentation was estimated using the following equation :
where the sedimentation rate is from Eq. (1) and C int is the integrated concentration of the variable considered (mg m -2 ) in the depth strata above the sediment trap depth.
Retention (%) was estimated for primary production and faecal pellets based on the equation from :
where P int is the integrated total primary production or FPC production in the upper 50 m of the water column, P int -sedimentation rate is the absolute retention rate (mg m -2 d -1
), and sedimentation rate is for POC or FPC measured at 50 m (see Eq. 1).
Zooplankton. The zooplankton distribution was sampled using a submersible pump (900 l min -1 , HOMA-H500, DIFRES-design) equipped with a flowmeter (Hydrobios), conical net (50 µm mesh size), and a nonfiltering cod-end. Samples were collected in 5 depth strata (0-15, 15-35, 35-50, 50-100 and 100-200 m) , corresponding to water column and sediment trap sampling depths. The samples were immediately preserved in buffered formalin (2% final concentration) for later analyses. Subsamples were taken using a sample-splitter, and the number of animals and their stages were recorded. The biomass values of the different animals were calculated based on measurements of their length in the different depth strata. In the present study, focus will be on the 4 upper sampling strata corresponding to the sediment trap depths. Further details on zooplankton distribution and ecology from this study can be found in Thor et al. (2005) .
Faecal pellet production experiments. The faecal pellet production rates of the 3 most important copepod species, Calanus finmarchicus, C. glacialis and C. hyperboreus, were measured in the laboratory. Copepods were collected using a modified WP-2 net (45 µm mesh size) towed at low speed at the depth of the fluorescence maximum. On deck, the cod-end was gently diluted in surface water in a 100 l thermobox.
The experiments were conducted using a fecatron, constructed from an acrylic inner-tube with a 400 µm mesh false bottom lowered into a 5 l container filled with water from the fluorescence maximum depth. The fecatron was designed to eliminate grazing on produced faecal pellets (coprophagy) by allowing the faecal pellets to sink through the mesh out of the innertube, out of reach from the experiment animals. For each species-specific experiment, 20 Calanus finmarchicus, 20 C. glacialis or 10 C. hyperboreus females were incubated in a fecatron. Prior to the experiment the copepods were acclimatized in the fecatron filled with water from the fluorescence maximum depth and kept in a cold room (~0°C) for 2 h. The copepods were then incubated under the same conditions for 2 to 6 h, starting from the time when the inner-tube with the copepods was transferred from the acclimatization container to the incubation container, filled with the same type of water. The short incubation period (2 to 6 h) was chosen to minimize changes in food concentration during the experiments due to sedimentation and grazing, which potentially could affect the faecal pellet production over time. At the end of the incubation period, the animals were removed, and faecal pellets were counted and measured.
Specific faecal pellet production rates (SPP, µg C µg
) were calculated using the following equation:
where FPC prod is the FPC (µg C) produced during the experiment, C fem is the biomass (µg C) of the females based on length measurements of the in situ females and T exp is the duration (d) of the experiment. Faecal pellet production experiments were performed with females only. However, since grazing rates (Hansen et al. 1997 ) and presumably faecal pellet production rate scales with the size of copepods, the specific female faecal pellet production rates (SPP) obtained from the experiments were scaled to match the average size of the species in the in situ population in order to calculate in situ faecal pellet production rates, according to the following equation (Hansen et al. 1997): log SPP = log a -0.23 × log V
where SPP is the specific female faecal pellet produc-
), a is a constant and V is the copepod female volume during the experiment (µm 3 copepod -1
).
In situ SPP were calculated for copepodite stages (CI-CVI) of the 3 Calanus species, using the specific a-values obtained from the regressions from each experiment. For nauplii of the 3 Calanus species and copepodites (CI-CVI) of the other copepod species in the water column, the a-values from C. finmarchicus, the smallest of the 3 examined Calanus species, were used. In the next sections, SPP in situ refers to specific faecal pellet production estimates for the in situ community, i.e. estimated as described above, while SPP refers to specific faecal pellet production rates from the incubation experiments. By multiplying the SPP in situ with the in situ copepod biomass an estimate of faecal pellet production by the copepod community was obtained.
The community faecal pellet production was used to estimate the grazing rate on phytoplankton assuming an assimilation efficiency of 60% (Conover 1966 ). Subsequently, daily loss rates (% d -1 ) of suspended phytoplankton due to grazing were estimated using Eq. (3), but substituting the sedimentation rate for the grazing rate.
RESULTS

Water column
The water column was stratified during the entire sampling period. A characteristic feature was a cold water lens, with temperatures below 0.5°C, located between the warmer surface and bottom water. The thickness of this lens decreased from 50 m to 0 m during the investigation ( Fig. 2A) . In general, the pelagic community was distributed according to the water column structure, with the highest abundance and biomass in association with the cold water lens. Results presented are average values ± SE, unless otherwise stated.
Chl a concentrations were low in the surface layer above the pycnocline (0 to 15 m), averaging 0.9 ± 0.2 mg m -3 (n = 54) during the investigation ( ) and (E) suspended faecal pellet carbon concentrations (mg C m -3 ), in the top 100 m. Points: sampling depths > 2 mg m -3 decreased from more than 35 m on June 1 to less than 15 m towards the end of the investigation, in parallel with the decreasing thickness of the cold water lens. On the first sampling day, June 1, the integrated phytoplankton biomass was 18 g C m -2 in the upper 50 m; this value was reduced by more than 50% by June 6 (Fig. 2B ). The depth of the euphotic zone (depth of 1% light penetration) remained stable throughout the investigation (averaging 46.5 ± 3.4 m, n = 6).
POC and chl a in the water column revealed a strong linearity according to the following equation (regression line not shown): POC = 42.8 ± 1.6 × chl a + 165.1 ± 9.0 (r 2 = 0.94, n = 36, p < 0.001)
The slope of the regression line was used for converting chl a measurements into PPC in the water column and sediment trap samples.
Phaeo concentrations in the surface layer (0 to 15 m) remained low, averaging 0.2 ± 0.05 mg m -3 (n = 54), during the investigation (Fig. 2C ). In the intermediate layer, a pattern similar to that of chl a was observed for phaeo, with the highest concentration of 4.6 ± 0.1 mg m -3 (n = 3) measured at 25 m on the first sampling day (June 1), and a strong decline during the first 3 sampling days. Thereafter, a more modest decline was observed until June 14, followed by a slight increase during the last 3 sampling days resulting in a daily maximum phaeo concentration of 1.1 ± 0.03 mg m -3 (n = 3) at 35 m on June 23 (Fig. 2C) .
No significant difference in the POC: PON ratio of the suspended material was observed throughout the euphotic zone (5, 15, 35 m and fluorescence maximum) (2-tailed t-test, p > 0.1), with an average POC:PON ratio of 8.1 ± 0.4 for the entire euphotic zone (depths ≤ 35 m, Table 1 ). The POC:PON ratios in the euphotic zone were not significantly different from the ratios measured just below the euphotic zone (6.4 ± 0.9 at 50 m) or at 100 m (2-tailed t-test, p > 0.1) ( Table 1) .
The 3 large calanoid copepod species, Calanus finmarchicus, C. glacialis and C. hyperboreus, dominated the zooplankton community, averaging 88 ± 2% (n = 9) of the copepod carbon biomass (0 to 50 m) during the investigation. The only other important genus was Metridia, with a biomass contribution of 6 ± 2% (n = 9). Other copepod genera, such as Oithona, Pseudocalanus and Oncaea, were also found during the study. However, they represented only a minor percentage of the copepod biomass (Fig. 3) . For further details on the copepod species composition see Thor et al. 2005 . Table 1 . Concentrations, sedimentation rates and ratios of particulate organic carbon and nitrogen (POC and PON) for suspended and sedimenting material in and below the euphotic zone. Sedimentation rates were estimated using Eq. (1). Data are averages ± SE. Parentheses: number of data points 
A B
A strong increase in copepod biomass was observed from June 10 to 11, from 1.7 g C m -2 to 3.0 g C m -2 (0 to 50 m), respectively. The maximum biomass of Calanus spp. was found in the intermediate layer (15 to 50 m), associated with the maximum chl a layer (Fig. 2D) . The daily maximum biomass of Calanus spp. recorded in the 15 to 35 m strata increased during the first half of the investigation, from 25 mg C m -3 on June 1 to 90 mg C m -3 on June 11. Thereafter, the daily maximum Calanus spp. biomasses remained stable at approximately 34 mg C m -3 during the rest of the sampling period. A downward progression of this maximum Calanus spp. biomass layer, from the 15 to 35 m to the 35 to 50 m strata, was observed during the 2 last sampling days in parallel with the deepening of the chl a maximum. The integrated copepod biomass in the upper 50 m ranged between 1.1 and 3.0 g C m -2 (averaging 1.6 ± 0.2 g C m -2 , n = 9) during the investigation (Fig. 3A) .
The diurnal study did not suggest any diurnal copepod migration patterns in the upper 50 m (Fig. 3B) . However, the copepod biomass continuously increased during the diurnal study, even though this trend was blurred by a significant decrease during the 10:00 h (June 11) sampling. Further details on the copepod community can be found in Thor et al. (2005) .
FPC concentrations in the water column remained relatively stable until June 14, after which they increased to the highest measured concentration of 27 mg C m -3 at 50 m on June 20 (Fig. 2E ). There was no change in the depth strata of the daily maximum FPC concentration during the investigation; only a slight widening of this layer was observed in the second half of the investigation. Average FPC concentrations paralleled the depth distribution of the copepods and were highest at 35 and 50 m, with average values of 12.1 ± 2.9 and 13.0 ± 3.0 mg C m -3 (n = 9), respectively (Table 2 ). However, there was a temporal delay between the highest Calanus biomass (June 11) and the highest FPC concentrations (June 20), as the latter occurred later during the sampling period (Fig. 2D,E) .
The median size of faecal pellets was significantly smaller in the water column than in the sediment traps at all depths except 100 m (Mann-Whitney U-test, p < 0.01). This reflects the relatively higher abundance of smaller faecal pellets in the water column (Fig. 4) . In the sediment traps, the average and median faecal pellet volumes generally decreased with depth (Table 3) . 369.3 ± 36.2 (7) 201.3 ± 31.8 (9) 12.1 ± 2.9 (9) 158.3 ± 20.0 (7) 4.3 ± 1.3 (7) 50 212.4 ± 19.0 (8) 100.2 ± 17.8 (9) 13.0 ± 3.0 (9) 110.5 ± 15.3 (8) 6.3 ± 1.7 (8) 100
150.6 ± 27.7 (7) 17.2 ± 1.8 (9) 4.9 ± 1.4 (9) 127.7 ± 26.5 (7) 3.9 ± 1.3 (7) Concomitantly, faecal pellet lengths decreased with depth, whereas faecal pellet width remained constant. In the water column, faecal pellet width increased with depth (50 and 100 m were significantly higher than 15 and 35 m), but faecal pellet length did not vary significantly with depth. PPC made up, on average, 41.2 ± 5.6% (n = 8) of the integrated POC in the upper 50 m of the water column during the sampling period. FPC constituted, on average, 2.8 ± 0.8% (n = 8) of the integrated POC in the upper 50 m. Amorphous detritus made up most of the suspended POC, averaging 8.3 ± 0.5 g C m -2 (n = 8) and making up 55.9 ± 5.1% of the integrated POC in the upper 50 m.
Faecal pellet production experiments
Faecal pellet production was measured for all 3 Calanus species throughout the investigation. The numbers of faecal pellets produced during the experiments did not differ significantly (ANOVA, 1-way, df = 2, 46, p > 0.1) between species, and were found to be 53 ± 5, 48 ± 4 and 53 ± 12 faecal pellets female -1 d , n = 1065, respectively), while pellets produced by C. hyperboreus were larger (averaging 14.0 ± 0.8 × 10 6 µm 3 , n = 697) ( Table 4 ). The faecal pellets from the production experiments were generally larger than the faecal pellets measured in the water column and sediment trap samples (median values in Tables 3 & 4; Figs. 4 & 5). Faecal pellet volumes also varied between water column and sediment trap samples. The dominant faecal pellet volumes in the water column were between <1 × 10 6 and 2 × 10 6 µm 3 , whereas they were between 2 × 10 6 and 4 × 10 6 µm 3 in sediment traps deployed below the surface layer (below 15 m) (Fig. 4) .
The average SPP from the incubation experiments were 0.17 ± 0.02, 0.05 ± 0.005 and 0.08 ± 0.02 µg C µg C -1 d -1 for Calanus finmarchicus, C. glacialis and C. hyperboreus, respectively (Table 4 ). The SPP of C. finmarchicus differed significantly from that of the 2 other species (2-tailed t-test, p < 0.01), while C. glacialis and C. hyperboreus showed no significant difference in their SPP (2-tailed t-test, p > 0.1). SPP of both C. finmarchicus and C. glacialis were positively correlated with the availability of potential food in the water column, assumed to be the biomass of large phytoplankton cells represented by >10 µm chl a at the depth of the fluorescence maximum (Fig. 6A,B) . The data in Fig. 6A and B were fitted to a hyperbolic regression, as follows:
where SPP max is the maximum specific faecal pellet production and K m is the half saturation constant, i.e. the chl a concentration (>10 µm) at which SPP = SPP max /2. SPP max was found to be 0.23 ± 0.03 and 0.06 ± 0.01 µg C µg C -1 d -1 for Calanus finmarchicus and C. glacialis, respectively. C. hyperboreus did not reveal any sig- Table 3 for average, mean and maximum sizes nificant SPP saturation pattern with increasing chl a (>10 µm) concentrations (Fig. 6C) . The estimated in situ specific faecal pellet production (SPP in situ ) varied from 0.08 ± 0.01 µg C µg C -1 d -1
for Calanus glacialis to 0.55 ± 0.06 µg C µg C -1 d -1 for the Calanus nauplii (Table 5 ).
Sinking and grazing losses (seasonal study)
Pronounced temporal and vertical differences were observed in the sedimentation of particulate organic material. Highest sedimentation rates were observed before June 10, when high suspended chl a concentrations were present in the subsurface layer. Sedimentation rates of POC rapidly declined during the first 3 sampling days and did not show any clear temporal trend afterwards (Fig. 7) . Average POC sedimentation rates during the investigation were not significantly different between depths (ANOVA, 1-way, log transformed data, df = 3, 32, p > 0.1), ranging from 599 ± 39 (n = 16) at 100 m to 649 ± 109 mg C m -2 d -1 (n = 16) at 15 m (Fig. 7) . The POC:PON ratios of the material collected in the sediment traps did not differ between the 4 depths (2-tailed t-test, p > 0.1) ( Table 1) . Maximum PPC sedimentation rates were measured before June 10, with the highest sedimentation rate of 533 mg C m -2 d -1 observed at 50 m on June 4 (Fig. 7C) . PPC sedimentation averaged 455 ± 83 mg C m -2 d -1 at 50 m (n = 3) before June 10 and 142 ± 9 mg C m -2 d -1 (n = 6) after June 10. Average PPC sedimentation was significantly higher at 35 and 50 m compared to the 2 other sediment trap depths (paired t-test, p < 0.01), with values of 206 ± 49 and 243 ± 58 mg C m -2 d -1 (n = 18) at 35 and 50 m, respectively. These PPC sedimentations represented 30 ± 5% and 36 ± 6% of the total POC at 35 and 50 m, respectively (Fig. 7) . Linear regression between chl a and POC in the sediment traps followed this equation (regression line not shown): POC = 42.7 ± 6.1 × chl a + 454.4 ± 28.9 (r 2 = 0.52, n = 36, p < 0.001)
Average sedimentation of FPC significantly increased with depth during the investigation (2-tailed t-test, p < 0.01), from 22 ± 12 (n = 8) at 15 m to 190 ± 40 mg C m -2 d -1 (n = 9) at 50 m, and remained at a similar level at 100 m (Fig. 7) . The percent contribution of FPC to the sedimenting POC also increased with depth (2-tailed t-test, p < 0.01), from an average of 2.6 ± 1.0% (n = 8) at 15 m to 28.8 ± 4.8% Grouped faecal pellet volume (10 6 µm 3 ) Fig. 5 . Calanus spp. Size distribution of individual faecal pellet volumes from the specific faecal pellet production experiments. See Table 4 (n = 9) and 28.4 ± 6.5% (n = 9) at 50 and 100 m, respectively. FPC sedimentation was significantly correlated with that of phaeo, according to the following linear regression (regression line not shown): FPC = 24.7 ± 3.1 × phaeo + 22.9 ± 13.6 (r 2 = 0.68, n = 32, p < 0.001)
Amorphous detritus constituted the main component of the POC sedimentation at 15 m, averaging 537 ± 69 mg C m -2 d -1 (n = 9) (equal to 87 ± 4% of the POC sedimentation) (Fig. 7) . The amorphous detritus fraction of POC sedimentation was somewhat lower at the other depths, averaging 294 ± 26 mg C m -2 d -1 (n = 9) (equal to 49 ± 5% of the total POC) at 35 m, 195 ± 50 mg C m -2 d -1 (n = 9) (equal to 35 ± 9% of the POC) at 50 m, and 275 ± 27 mg C m -2 d -1 (n = 9) (equal to 49 ± 7% of the total POC) at 100 m. Thus, the 3 POC components (PPC, FPC and amorphous detritus) constituted a similar percentage of the POC sedimentation just below the euphotic zone (50 m). -1 (n = 9) at 100 m (Table 6 ). Average sinking velocities for FPC also increased with depth, ranging from 10 ± 5 m d -1 (n = 8) at 15 m to 66 ± 24 m d -1 (n = 9) at 100 m. Sinking velocities of amorphous detritus did not show any trend with depth and showed only slight variation, ranging between 2.1 ± 0.5 (n = 7) and 2.8 ± 0.4 m d -1 (n = 7) at 50 and 15 m, respectively. Average sinking velocities of POC increased with depths below 15 m, reaching 4.8 ± 0.6 m d -1 (n = 7) at 100 m. The daily loss rate of suspended PPC due to sedimentation remained relatively constant throughout the investigation averaging 3.8 ± 0.5% d -1 at 50 m (Fig. 8) . The grazing impact, on the other hand, was similar to the daily loss due to sedimentation on June 1 (3% d -1 at 50 m), after that it became increasingly more important. After June 10 the daily loss rate due to grazing was 4 to 10 times higher than the daily loss rate due to sedimentation. The daily loss rate due to grazing averaged 17.7 ± 3.6% d -1 at 50 m during the entire sampling period (Fig. 8) . The daily loss rate of FPC peaked on June 4 and 6, with values of 144 and 147% d -1 at 50 m, respectively, followed by a smaller peak on June 14 with 93% d -1 at 50 m (Fig. 8) . The daily loss rate of FPC averaged 65.5 ± 18.5% d -1 at 50 m during the investigation. The daily loss rates of POC ranged from 17.5 ± 0.7 to 2.8 ± 0.1% d , at 15 and 100 m, respectively (data not shown). The seasonally averaged daily loss rate of POC and PON did not differ significantly within each depth interval (paired t-test, p > 0.1).
The estimated PPC retention in the upper 50 m revealed a high negative value (-93%) on the first sampling day (Fig. 9) . During the rest of the sampling period PPC retention demonstrated a general declining trend, with the highest retention value of 83% estimated on June 6. This declining trend was, however, to some extend blurred by the negative estimates on June 11 and 14 (Fig. 9) . According to the FPC retention estimates (see Eq. 4), more FPC sedimented at 50 m than appeared to be produced in the upper 50 m until June 6 (Fig. 9) . During the entire sampling period, 34.7 ± 14.3% of the faecal pellet production was re- 
Sinking losses (Diurnal study)
The diurnal study showed less variation in POC sedimentation rates (coefficient of variation [CV] = 22.0% for all depths), compared to the seasonal study (CV = 31.2% for all depths, Figs. 7 & 10) . During the diurnal study, amorphous detritus was the major component of the POC sedimentation at 15 m (92 ± 2%, n = 5), while at 35, 50 and 100 m PPC made up a substantial fraction 1.7 ± 0.2 (7) 1.1 ± 0.2 (9) 15 ± 4 (9) 2.1 ± 0.4 (7) 50 2.9 ± 0.2 (8) 3.2 ± 1.2 (9) 25 ± 9 (9) 2.1 ± 0.5 (7) 100 4.8 ± 0.6 (7) 8.1 ± 1.9 (9) 66 ± 24 (9) 2.4 ± 0.5 (7) (26 ± 3, 29 ± 4 and 20 ± 1%, n = 5, respectively) of the sinking POC (Fig. 10) . The average FPC fraction increased from 2.5 ± 1.8% (n = 4) at 15 m to 14.3 ± 3.0% (n = 5) at 35 m and decreased slightly to 13.4 ± 1.3% and 11.0 ± 2.0% (n = 5) at 50 m and 100 m, respectively.
The total POC, FPC and amorphous detritus sedimentation rates during the diurnal study were significantly lower for all depths during the 24 h deployment compared to the 6 h deployments (paired t-test, p < 0.05), while PPC sedimentation did not show any significant difference between the 6 and 24 h deployments (paired t-test, p > 0.05) (Fig. 10) .
DISCUSSION
The spring bloom
The break-up of the sea ice typically set the stage for the initiation of the pelagic spring primary production in seasonally ice covered environments, but ultimately the maximum biomass attained by phytoplankton depends on the nutrient supply. The duration of the spring bloom, however, is also influenced by the meteorological conditions, as wind mixing can delay stabilization of the water column. In 2001, the sea ice in the Disko Bay broke up on April 10 and drifted within the bay, before completely retreating on April 29 (N. Nielsen pers. comm.). Consequently, the open water period started one month prior to the beginning of the present investigation. The vertical distribution of phytoplankton together with nitrate depletion in the surface layer (Nielsen et al. unpubl.) , indicate a transition from a bloom to a postbloom situation at the start of the present investigation. This is similar to the conditions observed in 1996 and 1997 when the spring bloom in the Disko Bay area reached its maximum about 1 wk after the ice break-up (Levinsen et al. 2000a) . On the west coast of Greenland, the spring bloom generally takes place over a few weeks, until it terminates due to nutrient depletion in the euphotic zone (Andersen 1981 , Nielsen & Hansen 1995 , Poulsen & Reuss 2002 .
Nitrogen has been shown to be the limiting factor for the spring bloom in the Disko Bay area (Andersen 1981 , Nielsen & Hansen 1995 . Thus, the ability of the pelagic system to recycle nitrogen within the euphotic zone is the determining factor for (regenerated) primary production during the nutrient limited summer conditions (Harrison & Cota 1991) . Comparing the POC:PON ratios of the suspended particulate material in the euphotic zone to that of the particulate material sedimenting below the euphotic zone gives an indication of the ability of the system to retain nitrogen in relation to carbon. In addition, the POC:PON ratio of particulate material sinking at different depths can provide evidence of differential remineralization of carbon and nitrogen. The fact that there were no significant differences between the POC:PON ratios for the suspended ), during 6 h deployments (times on x-axis: sediment trap recovery; 24 h: separate 24 h deployment array) on 10 and 11 June at (A) 15, (B) 35, (C) 50, and (D) 100 m. Sedimentation rates were estimated using Eq. (1). Solid lines: FPC part of the POC sedimentation material in the euphotic zone and that of the particulate material sedimenting at 50 m indicates that the suspended organic material was sedimenting unchanged (Table 1) . The similar POC:PON ratios at the different sediment trap depths also indicate that there was no preferential remineralization of carbon versus nitrogen as the material sank to depth. The similar daily loss rates of carbon and nitrogen within each sampling depth interval further support these results, showing that the pelagic system did not retain nitrogen more efficiently than carbon at the termination of the spring bloom. The POC:PON ratio of the sedimenting particulate material was similar to what was found in sinking material composed primarily of nitrate deficient diatoms from NE Greenland (Daly et al. 1999) . However, this does not account for the high sedimentation of faecal pellets, which should increase the POC:PON ratio of the sedimenting particulate material (Olesen & Lundsgaard 1995 , Daly et al. 1999 .
The fact that there were no significant difference in the regression slopes for POC versus chl a in the water column and sedimenting material (2-tailed t-test, p > 0.1), also corroborates that the carbon content of the sedimenting phytoplankton did not change in comparison to that of the suspended biomass. The difference between the y-intercepts (165.1 and 454.4 mg C m -2 d -1
for suspended and sedimenting biomass, respectively) indicates high sedimentation of additional POC which was not phytoplankton related i.e. faecal pellets and amorphous detritus. Indeed, these contributors constituted a large part of the vertical export of carbon, representing between 36 and 82% of the sinking POC at 50 m.
Termination of the spring bloom
The rapid decrease of phytoplankton biomass during the first sampling days was likely the result of the high phytoplankton sedimentation rates at that time (Fig. 7) , combined with zooplankton grazing (Fig. 8) . The daily loss rate estimates of phytoplankton due to sedimentation remained seemingly low during the first sampling days, despite the high phytoplankton sedimentation rates (Fig. 8) . The high chl a concentration measured at 25 m on June 1 (31 mg chl a m -3 , Fig. 2B ), could have explained the low daily loss rate due to sedimentation on this day. However, the high negative phytoplankton retention (-93%) on June 1 (Fig. 9) , shows that almost twice as much PPC was sedimenting (at 50 m) compared to what was being produced (at 0 to 50 m). This negative retention of phytoplankton observed during the first sampling day was consistent with the termination of the spring bloom, most likely due to nutrient limitation, and subsequent high export through sedimentation.
The high sedimentation at the beginning of the sampling period could be caused by a high degree of aggregation due to high cell concentrations (Kiørboe & Hansen 1993 . The observed increase in PPC sinking velocity with depth (Table 6 ) supports the potential formation of aggregates during sinking. Other biological processes, such as nutrient limitation of algae, or physical factors, such as decreased mixing with depth, could also lead to increased sinking velocities with depth. However, our results show a clear increase in sinking velocities for PPC and FPC, while sinking velocities of amorphous detritus do not change with depth (Table 6 ). These results therefore rule out potential effects from physical factors, which would likely influence all particles in a similar manner, and they also rule out nutrient limitation which would only affect PPC sinking velocities. Consequently, aggregation appears to be a likely hypothesis for the depth related increase in PPC and FPC sinking velocities. Many phytoplankton species possess a degree of stickiness or produce sticky transparent exopolymeric particles, which further induce or enhance aggregation (Kiørboe & Hansen 1993 , Passow 1991 . This pattern of termination and subsequent loss of nutrient-depleted spring bloom has been observed in many temperate (Lignell et al. 1993 , Olesen & Lundsgaard 1995 , Tiselius & Kuylenstierna 1996 , Heiskanen et al. 1998 ) and arctic areas (Bauerfeind et al. 1997 , Wassmann et al. 1999 Michel et al. 2002) .
The use of both 6 and 24 h sediment trap deployments made it possible to compare short deployments (6 h) with deployments carried out during a complete diurnal period (24 h). No significant differences were observed in the sedimentation rates for the 5 individual 6 h deployments during the diurnal study, which supports the approach of using one 6 h deployment to estimate daily sedimentation rates during the present investigation. Sedimentation of the phytoplankton fraction was similar when comparing the 6 and 24 h deployments. However, the amorphous detritus and FPC fractions were found to be significantly lower in the 24 h deployments compared to the 6 h deployments. We are uncertain as to the cause of this discrepancy. One possible explanation could be that these fractions are subject to degradation loss in the sediment traps. If the degradation of the amorphous detri-tus and FPC fractions is biologically induced, the relatively short timescale (24 h) makes it unlikely that bacterial activity alone would be the cause. Although visual inspection of the sediment trap content only revealed swimmers on a few occasions, it is possible that grazing on faecal pellets and other organic material did occur. It is also possible that the 6 h deployment 'over-trapped' faecal pellets and amorphous detritus, in which case some of our results could be overestimated.
Calanus grazing and faecal pellet production
The copepod community in Disko Bay was dominated by 3 species, Calanus finmarchicus, C. glacialis and C. hyperboreus (Fig. 3) . This Calanus dominance has previously been observed in the Disko Bay area during the spring of 1992 (Nielsen & Hansen 1995) , spring/summer of 1996 and 1997 (Madsen et al. 2001) , and in other Arctic areas as well (Tande & Båmstedt 1985 , Hirche 1991 , Hirche & Mumm 1992 , Ashjian et al. 1997 . Calanus is therefore considered to be a key genus in Arctic marine pelagic food webs, although more complex food web structures including smaller copepod species and the microbial loop are now documented for Arctic areas as well (Taniguchi 1984 , Rivkin et al. 1996 , Levinsen & Nielsen 2002 , Møller et al. 2006 , Thor et al. 2005 .
Calanus spp. start their ascent to the surface layer just prior to, or in association with, the sea-ice breakup and the initiation of the spring bloom (Madsen et al. 2001) . Copepod biomass in the euphotic zone peaked in the beginning of June in both 1996 and 1997 (Madsen et al. 2001) , which combined with the sea-ice break-up during the last week of April in both years, is similar to the observations during the present investigation. The stable copepod biomass observed in the water column (Fig. 3) supports the assumption that the present investigation was conducted during a stable maximum in Calanus activity. Spatial and temporal studies on Calanus feeding biology have documented shifting diets (Ohman & Runge 1994 , Levinsen et al. 2000b , Sato et al. 2002 , which makes it relevant to classify this genus as omnivorous, instead of strictly herbivorous. However, the prevailing feeding strategy during the present investigation would most likely be herbivorous, due to the abundance of phytoplankton compared with heterotrophic prey (Nielsen et al. unpubl.) . The relationship between faecal pellet production and phytoplankton (Fig. 6) supports the importance of phytoplankton as a major food source for Calanus during the spring of 2001. Moreover, the strong correlation between the sedimentation of FPC and phaeo indicates a mainly herbivorous feeding, since degradation of chlorophyll is one of the main sources of phaeo (Welschmeyer & Lorenzen 1985 .
The number of faecal pellets produced did not vary significantly between species, but when the specific faecal pellet production was estimated, the differences between species became obvious (Table 4, Fig. 6 ). Calanus glacialis had the lowest specific faecal pellet production rates of the 3 species, despite variations in the rates observed for C. hyperboreus. Similar values and patterns of specific faecal pellet production rates were found, when the data of Daly (1997) and Rey et al. (1999) were recalculated to 0°C (Q 10 = 2.8, Hansen et al. 1997) . The biomass of single female copepods from the present study and a carbon conversion factor of 69.4 µg C mm -3 for the pellets (Riebesell et al. 1995) were used for the recalculation. The specific faecal pellet production rates estimated from this conversion were 0.02 to 0.06 µg C µg C -1 d -1 for C. glacialis and 0.09 µg C µg C -1 d -1 for C. hyperboreus, which were similar to the rates we measured for C. glacialis and C. hyperboreus (Table 4) . However, estimates for the specific faecal pellet production rates of C. finmarchicus (0.04 to 0.06 µg C µg C -1 d -1
) was found to be lower than the rates measured in our study.
The copepod community was able to graze a significant fraction of the phytoplankton standing stock (averaging 18% d -1 ), and demonstrated an increasing trend as the bloom declined (Fig. 8) . In the post bloom period, the loss of phytoplankton through grazing was much higher than the loss through sedimentation.
Loss of faecal pellets
Sediment traps deployed just below the euphotic zone (50 m) showed that faecal pellets contributed, on average, 29% of the POC sedimentation (Fig. 7) . This value is within the range reported for other Arctic ecosystems (Turner 2002) . In the Norwegian Sea, during May and June, 7 to 90% of the POC sedimentation was attributable to faecal pellets (Bathmann et al.1987 , Wassmann et al. 1999 ). In the Barents Sea near Spitsbergen, the FPC fraction ranged from 2 to 42% of the sedimenting POC during March and May . However, a large fraction of the faecal pellets was still being remineralized in the upper part of the water column during the present study (Fig. 9) . On average, 35% of the faecal pellets produced during the sampling period were retained in the upper 50 m of the water column. In the Barents Sea, between 40 and 96% of the faecal pellet produced were retained in the surface layer , while in the Norwegian Sea approximately 99% of the standing stock of faecal pellets was recycled in the surface layer daily (Bathmann et al. 1987) .
Microbial degradation alone would probably not be very effective in remineralizing the sinking faecal pellets, due to their high sinking velocity (Table 6 ). However, in other investigations, copepods (González and Smetacek 1994) , Noctiluca scintillans (Kiørboe 2003) and pteropods (Jackson 1993 ) have all been shown to remove or break down faecal pellets. Among copepod species, Oithona spp. and Oncaea spp. have been shown to be associated with faecal pellets and other sinking aggregates (Gonzáles and Smetacek 1994, Metz 1998) . These particular copepod species were found to be present during this investigation (Thor et al. 2005) .
We found a significant positive correlation between absolute FPC retention and the biomass of Oithona spp. and Oncaea spp. in the upper 50 m. However, the slope of the regression (i.e. 30 d -1 ) suggests that these 2 genera should be able to process 30 times their own body weight per day if the relation is causal, which is not likely. The total biomass of copepods also correlated significantly with the absolute FPC retention, with a linear regression slope of 0.4 d -1
. Although the other copepod genera present are not generally considered to be associated with faecal pellets they can still graze upon them (Maar et al. 2004) . Thus, it is possible that the total copepod community, and not just Oncaea and Oithona, played a role in the recycling of faecal pellets.
We found a larger percentage of small faecal pellets in the water column than in the sediment traps (Fig. 4) , suggesting preferential sedimentation of larger faecal pellets. The dominant faecal pellet sizes in the sediment traps resembled that of faecal pellets produced by Calanus spp. (Figs. 4 & 5) . Thus, faecal pellet production by Calanus species was important for the sedimentation of particulate organic material because these species dominated the copepod biomass. Furthermore, since smaller faecal pellets appeared to remain in suspension, these would be prone to more efficient recycling. Our results therefore agree with the suggestion that most of the faecal pellets produced by small copepods will be degraded and remineralized within the euphotic zone (Viitasalo et al. 1999) . Interestingly, some very large faecal pellets were found in the water column (Table 3) . The presence of these large faecal pellets explains the fact that the average faecal pellet volume was similar in the traps and the water column (Table 3) , despite the higher abundance of small faecal pellets in the water column. These large faecal pellets appeared to be lost or broken down before reaching the sediment traps, since none where found in the collected material (Table 3) .
CONCLUSION
Calanus spp. dominated the zooplankton biomass during this study. Their grazing and the sedimentation of phytoplankton were equally important during the termination of the spring bloom. However, in the post bloom period, copepod grazing became more important in the removal of phytoplankton biomass from the euphotic zone. On the one hand, copepod faecal pellets were as important for the vertical export of carbon as the phytoplankton and amorphous detritus fractions. On the other hand, 35% of the copepod faecal pellet production was recycled in the euphotic zone, thus fuelling regenerated primary production. In addition to the recycling of faecal pellets, copepods also played an important role in retaining material in the euphotic zone through production of dissolved organic matter by sloppy feeding and leakage from faecal pellets (Møller et al. 2003) . Nevertheless, the nitrogen retention efficiency of this post bloom community appeared to be low, as illustrated by (1) the comparable carbon/chl a and carbon/nitrogen ratios of the suspended material and of the material collected in sediment traps, and (2) the consistency of the POC:PON ratio in the sedimenting material at various depths. The inefficiency of the system to retain the limiting nitrogen emphasizes the potential importance of the microbial retention of copepod mediated dissolved organic matter for preserving nutrients in the euphotic zone after the spring bloom, which will be discussed in a subsequent paper (T.G. Nielsen et al. unpubl.) .
